Background
Carbon monoxide (CO) is an odorless, colorless, and tasteless gas, which is highly difficult to detect when escaping. It is toxic to humans when its concentration is higher than 35 ppm. This gas is the leading cause of poisoning in the United States [1] . Nowadays, among the fatal air poisonings, CO poisoning is the most common and causes a series of serious health problems for people in many countries [2] . Delayed encephalopathy after acute CO poisoning (DEACMP) is one of the most serious complications [3] . The incidence rate of this disease ranges from 0.2% to 47% [4] . DEACMP is a common cause of clinical neurological complications and could result in memory impairment, unresponsiveness, visceral autonomic nervous system dysfunction, Parkinson's syndrome, cognitive dysfunction, and behavioral disorders in patients.
Many factors are associated with the occurrence of DEACMP. A previous study reported that the elderly people might have a higher incidence of DEACMP due to the decrease in hypoxia tolerance of nervous tissue in brain [5] . Also, some studies found that a prolonged duration of coma after acute CO poisoning was the risk factor for DEACMP [6, 7] . In addition, Choi et al. reported that lung infection and urinary system infection promoted the occurrence of DEACMP, which might be because the presence of infection increased the oxygen consumption of brain [8] . Additionally, the brains of mental workers often need more oxygen and are more sensitive to hypoxia, which might make them more likely to have DEACMP after CO poisoning compared to manual workers [9] .
In regards to the treatments, hyperbaric oxygen therapy (HBO) was often recommended by previous studies to treat patients with acute CO poisoning [10, 11] . Researchers also reported that the HBO had significant effects on DEACMP [12] . Recently, N-Butylphthalide was found to have a neuroprotective role in brain damage after acute CO poisoning [13, 14] . Therefore, we conducted this study to explore the effect of N-Butylphthalide and HBO on the cognitive dysfunction in patients with DEACMP.
Material and Methods

Recruited patients
The purpose and design of this work were reviewed and approved by the Institutional Review Board (IRB) of our hospital. Before the treatment, all of the recruited patients provided written informed consent. This work was conducted between January 2012 and July 2015. We used the Mini-Mental State Examination (MMSE) to assess the cognitive function of 301 patients with DEACMP. An MMSE score £24 indicated cognitive dysfunction [15] . Finally, 215 patients with cognitive dysfunction were recruited.
Experimental methods
Patients who signed the written informed consent were randomly assigned into the experimental group or the control group. The random number table was applied to perform randomization in this study. Both the patients and the clinicians were blind to the allocation. All patients received conventional treatment, including sputum suction, using antibiotics, maintaining unobstructed airway, reducing or avoiding respiratory tract infection, regulating water and electrolytes, maintaining stable blood pressure and blood glucose, preventing urinary tract infection, and giving HBO. Patients were placed in an oxygen chamber with 0.25 MPa absolute pressure for 80 minutes per day. Meanwhile, the patients in the experimental group also received N-Butylphthalide. The dose of N-Butylphthalide was set to 0.2 g orally, three times per day. N-Butylphthalide was provided 5 days per week for eight weeks.
Outcomes assessment
A rater who was blinded to the treatments conducted the assessment at the 4 th and 8 th weeks. Before the treatment, the cognitive function of all patients was assessed using the MMSE score. In addition, the National Institute of Health Stroke Scale (NIHSS) was used to assess the neurological function of patients. These two scales were also used at the 4 th and 8 th weeks. According to the MMSE score, complete recovery (CR) was defined as the recovery of intelligence and language ability, and availability to do some simple work (MMSE >24); partial recovery (PR) was defined as the partial disappearance of signs and symptoms (MMSE of ³10 to £24); no relief (NR) was defined as the no improvement of signs and symptoms (MMSE <10). The remission rate (RR) was calculated as the number of CRs divided by the number of patients.
Statistical analysis
The continuous data were expressed as mean ± standard deviation. Student's t test and the chi-squared test were applied to investigate the differences between the two groups on demographic and baseline clinical variables. Analysis of covariance (ANCOVA) was conducted to test the effect of treatments on the post-treatment MMSE and NIHSS scores. This method used their baseline scores as the covariate to eliminate the effect of each parameter's initial value. If patients withdrew from treatment, then their latest assessments were viewed as the final assessments. The intention-to-treat (ITT) analysis was used in this study. All procedures were 2-tailed and the significance was set at a P value less than 0.05. All analyses were conducted with SPSS 19.0 software.
Results
Demographic characteristics
A total of 215 patients with cognitive dysfunction were recruited at first. Before the treatment, 31 patients were excluded because they did not agree to randomization. After randomization, there were 90 and 94 patients in the control and experimental groups, respectively. After four weeks of treatment, 6 patients who required other treatment methods in the control group and 5 patients who required other treatment methods in the experimental group did not continue this study. Finally, 173 patients completed the 8-week treatment. There were no significant differences between the control and experimental groups on any key demographic characteristics, such as gender, educational level, age, work type, body mass index (BMI), CO exposure time, carboxyhemoglobin levels, or latent phase. Therefore, our findings were be influenced by these demographic factors. The detailed information is shown in Table 1 .
MMSE score
The MMSE assessment was performed at three time points (Figure 1) . A rater blind to the treatment group conducted this assessment. Before the treatment, there was no significant difference in the MMSE scores between the two groups (P=0.964). After four weeks of treatment, the average MMSE scores were significantly increased in both the control (P<0.001) and experimental (P<0.001) groups. However, the results of ANCOVA showed that the effect of treatments on MMSE score was significantly different: the average MMSE score in the experimental group was significantly higher than that in the control group (P=0.004). At the end of 8 th week, the increase in the average MMSE score was still smaller in the control group. And the results of ANCOVA showed that the experimental group had a significant higher average MMSE score compared to the control group (P=0.012).
Remission rate
Before the treatment, the MMSE score in all patients was less than 24. The number of patients with an MMSE score of 10-24 was 31 and 29 in the experimental and control groups, respectively. The rest of the patients in the two groups had an MMSE score of 0-9. At the end of the 4 th week, 33 and 19 patients in the experimental and control group, respectively, met the CR criteria (with MMSE score >24 after treatment); 42 and 28 patients met the PR criteria (with MMSE score of 10-24 after treatment). The RR was significantly different between the two groups (31.9% vs. 21.1%) (P=0.035). At the end of the 8 th week, 45 and 30 patients in the experimental and control groups, respectively, met the CR criteria; 59 and 48 patients met the PR criteria ( Table 2 ). The RR was still significantly different between the two groups (47.9% vs. 33.3%) (P=0.045).
NIHSS score
The NIHSS assessment was performed at three time points (Figure 2) . A rater blind to the treatment group conducted this assessment. Before the treatment, there was no significant difference in the NIHSS scores between the two groups (P=0.950). After four weeks of treatment, the average NIHSS scores were significantly decreased in both the control (P=0.004) and experimental (P<0.001) groups. However, the results of ANCOVA showed that the effect of treatments on NIHSS score was significantly different: the average NIHSS score in the experimental group was significantly lower than that in the control group (P=0.011). At the end of 8 th week, the reduction in the average NIHSS score was still smaller in the control group. And the results of ANCOVA showed that the experimental group had a significant lower average NIHSS score compared to the control group (P=0.004).
Adverse events
None of these patients experienced obvious drug toxicity or liver and kidney dysfunction. The blood glucose and blood lipids were not significantly changed during the whole treatment period. In the experimental group, two patients had mild abdominal discomfort, one patients experienced mild nausea, and three patients had minor skin irritations. However, these patients recovered by themselves and needed no additional medications. Table 2 . Remission rate in the two groups at the end of 4 th and 8 th week.
Discussion
DEACMP is a serious worldwide disease that often causes great damage to the human body. Also, it is considered as one of the important factors leading to cognitive dysfunction. Here, we found that both HBO and the combined application of N-Butylphthalide and HBO could significantly increase the average MMSE scores after short-term treatment, but the efficacy of the latter was greater than that of the former. Compared to the control group, the RR in the experimental group was also significantly higher. These results demonstrated that the combined application of N-Butylphthalide and HBO could significantly improve the cognitive function of patients with DEACMP and produce better clinical efficacy. Moreover, the greater reduction of NIHSS score in the experimental group indicated that the addition of N-Butylphthalide during disease management might yield better efficacy in the protection and restoration of neurological function. Based on the aforementioned results, the clinical applicability of the combined application of N-Butylphthalide and HBO showed greater promise and should be explored further.
A previous study reported that N-Butylphthalide had strong anti-cerebral ischemia effects and could decrease brain edema [16] . It could inhibit neuronal cell death by improving brain energy metabolism and increasing the microcirculation and blood flow in the ischemic brain regions [17] . In addition, it had anti-platelet, anti-apoptotic, anti-inflammatory, and anti-thrombotic properties [18] . In addition, it could significantly increase the local blood flow of the brain and improve the memory function of specific nerve cells, which could effectively reverse or improve the cognitive dysfunction [19] . However, the molecular mechanism of the effects of N-Butylphthalide still remains unclear. Also, HBO could increase the blood oxygen to remove the hypoxia state in brain tissues, which is beneficial to the function recovery of the damaged brain cells. Therefore, the combined application of N-Butylphthalide and HBO could be a potential effective therapy in treating cognitive dysfunction for patients with DEACMP.
Currently, the pathogenesis of DEACMP is still unclear. Because the central nervous system is the most sensitive tissue to oxygen, some researchers thought that the hypoxia caused by CO poisoning might be the primary factor inducing DEACMP [20, 21] . But this theory could not explain the whole clinical manifestation and pathological changes of DEACMP, especially the many symptoms occurring after the recovery of carbonyl hemoglobin level. Gorman et al. reported that the reactive oxygen radicals and peroxides were significantly increased in brain cells after CO poisoning, but the antioxidants, such as catalase, glutathione peroxidase, and vitamin E, were significantly decreased [22] . Then, a great number of free radicals were produced, which could enhance the lipid peroxidation in the cell membrane. Consequently, damage, such as demyelination of nerve cells and secondary neuronal cell death, happened [23] . Other researchers reported that the DEACMP was immune-mediated, and the delayed CO-mediated neuropathology was associated with an adaptive immunological response to chemically modified myelin basic protein [24] . Additionally, Ischiropoulos et al. reported that the CO poisoning changed the nitric oxide (NO) level and NO synthase activity, which indicated that the NO might be involved in brain tissue damage [25] . All in all, DEACMP is caused by the interaction and common effects of various factors.
Limitations of this study should be mentioned here: (1) a relatively small number of DEACMP patients with cognitive dysfunction were included; (2) only the short-term efficacy of the combined application of N-Butylphthalide and HBO was examined; thus, whether this method had the similar long-term efficacy was unclear; and (3) all of the included patients were from the same city; thus, the site-specific bias could not be ruled out. Further studies recruiting heterogeneous populations to study the efficacy of this method are required.
Conclusions
This study found that compared with HBO, the combined application of N-Butylphthalide and HBO in disease management could significantly increase the MMSE score and decrease the NIHSS score, and obtain significantly higher RR, in DEACMP patients with cognitive dysfunction. However, future studies recruiting more patients from different sites are needed to verify and support the efficacy of this method.
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